Abstract. Charged particles can be accelerated to higher than PeV energies in the electromagnetic wind of a fast-spinning newborn pulsar to produce high-energy neutrinos, through hadronuclear interactions in the supernova remnant. Here we explore the detectability and observational signatures of these high-energy neutrinos. We show that their spectral index varies approximately from 1.5 to 2, depending on the relevant pulsar properties and observation time. We also apply the scenario to existing young pulsars in the local universe and find the corresponding neutrino flux well below current detection limits. Finally, we report an upper limit on the birth rate of fast-spinning pulsars observed by the IceCube observatory as 0.14 per year.
Introduction
Fast-spinning pulsars are known to release their rotational energy via electromagnetic radiation [1] . Charged particles, including heavy ions [2, 3] , can be accelerated by energy conversion of the wind Poynting flux into kinetic energy in pulsar winds [4] [5] [6] . When cosmic rays escape from the acceleration site, they interact with the surrounding supernova ejecta [7] . High-energy neutrinos are then produced during hadronuclear interactions. Such high-energy neutrinos are among the first multimessenger signals released by the star, and in addition, they experience no delay in galactic and intergalactic magnetic fields. Hence a measurement of the high-energy neutrino signal from a future event can provide a unique way to identify the birth of a newborn pulsar and the start of high-energy acceleration in that system.
The IceCube Observatory recently reported the detection of a diffusive flux of highenergy astrophysical neutrinos [8, 9] . These 37 events have deposited energies between ∼ 50 TeV and 2 PeV, and are consistent with an isotropic E −2 spectrum. Meanwhile, searches for point-like neutrino sources, applying four years of IceCube data, still find the event data to be compatible with the background signal [10] . No point sources of high-energy neutrinos have been identified thus far.
We showed that a diffusive EeV (10 18 eV) neutrino flux should be effectively produced if extragalactic newborn pulsars are the emitters of ultrahigh energy cosmic rays [11] . In this work we consider, more generally, the TeV (10 12 eV) to EeV high-energy neutrino emissions from individual fast-spinning pulsars in the local universe, focusing on their light curve, energy spectrum, and flux detectability, especially in light of recent IceCube measurements. In particular, we extend the previous work of [12] to a study with complete pulsar population including magnetars and Crab-like pulsars, and update those results based on a full Monte Carlo simulation. We also apply the scenario to existing nearby pulsars and find their emission levels to be consistent with the non-detection. Based on the discovery sensitivities of IceCube, we provide a prediction of the detectability and a template of emission profiles for high-energy neutrinos from a future nearby newborn pulsar. Section 2 describes the neutrino production mechanism. Following a description of the numerical setup of this work in Section 3, the results of time-integrated neutrino spectrum is presented in Section 4, focusing on the effects from secondary interactions and the dependence on pulsar properties. Section 5 presents the time evolution and detectability of the neutrino emissions, and provides a template for future detections to identify local pulsar sources. We also apply the scenario to recent nearby pulsar systems and test the agreement to the nondetections of point sources. We draw conclusions and discuss the implications for future neutrino observations in Section 6.
Neutrino production mechanism
The idea that cosmic rays could be accelerated by rotating neutron stars dates back to [1] . [5, 6] further developed the scheme of the production of ultra-high energy cosmic ray in the electric field associated to the rotating magnetic dipole, although uncertainties still exist especially regarding the seeding of heavy ions [2, 3] and the acceleration sites [6, 7] . Here we review the cosmic ray production process with energy dissipation by electron pairs additionally taken into account, and calculate the corresponding neutrino emissions.
Considering a newborn pulsar spinning down and releasing rotational energy by electromagnetic radiation, its characteristic spin-down time reads
13 P 2 i,−3 yr, whereĖ rot = 4 µ 2 Ω 4 i /9 c 3 is the dipole radiation rate for a pulsar with inertia I ≈ 10 45 g cm 2 , surface magnetic field B = 10 13 B 13 G and initial spin period P i = 1 P i,−3 ms. Please note that in the following text, two corresponding parameters -magnetic moment µ = BR 3 /2 ≈ 10 31 B 13 erg/G and initial rotation speed Ω i = 2π/P i = 10 3.8 P −1 i,−3 s −1 , might be used as alternatives to B and P . We assume that the electromagnetic energy is efficiently converted into the kinetic energy of charged particles including ions and electrons, with a rest frame injection rate [13] 
HereṄ GJ = Ė rot c/e = µ Ω 2 /ec is the Goldreich-Julian rate [14] , that is the number of elementary charges per unit volume that enter the parallel electric fields in the magnetosphere, m i = Am p and Z are the mass and the charge of the ion, and κ is the pair-production multiplicity (see for e.g. [15] ). Let y i ≡ 2Zκm e /m i , which can be interpreted as the ratio of the kinetic energy that goes into electrons to that goes into ions. In crab-like pulsars κ ∼ 10 4 [16] , then y i ∼ 10.
If a fraction η of the electromagnetic luminosity turns into the kinetic luminosity, an ion injected at system time t would obtain energy of
where
Notice that the conduction currents in the pulsar wind have a charge density proportional to the particle energyṄ GJ ∝ E CR . As a consequence, the prompt particle injection rate is a constant over time:
Integrating it over the corresponding acceleration period ∆t(E) = (E rot η/(1 + y i ))/Ė rot , one gets the time-integrated energy spectrum
Notice that in the above calculations we ignored the gravitational wave losses, which would only become significant for neutron stars with surface magnetic field B 10 15 G [6, 17] . After accelerated in the pulsar winds, particles would cross the supernova ejecta surrounding the star at R ej (t) = 3 × 10 16 β ej,−1.5 t yr cm to escape from the source. The ejecta can be modeled as a shell spherically expanding with speed β = (E ej /M ej c 2 ) 1/2 = 0.03 β −1.5 and column density Σ SN (t) = 5.3 M ej,1 β −2 −1.5 t −2 yr g cm −2 [7] , where M ej,1 = 10 M ej /M is the ejecta mass and E ej is the ejecta energy that includes both star's rotational and explosion energy.
In an early environment, cosmic rays would interact with the dense ejecta through hadronuclear interactions, N + p → N + π + others. The effective optical depth reads τ = n b σ κ R ej . For protons, τ pp = 0.16 M ej,1 β Charged pions produced in the hardonuclear interactions have a relatively short life time τ π = 2.6 × 10 −8 s in rest frame. However, at early stages the ejecta would so dense that the pions interact with the baryons before they decay. The πp interaction time reads t πp = (n b σ πp κ πp c) −1 , with cross section σ πp = 5 × 10 −26 cm 2 and elasticity κ πp ∼ 0.5 [18] . The probability that a πp interaction happens before the pion decays introduces a suppression factor,
which can be approximated by f sup ≈ t πp /γ π τ π when t πp γ π τ π . Notice that the hadronic cooling of muons is negligible compared to that of pions since σ µp ≈ 2 × 10 −28 σ πp [18] . Finally charged pions would decay into neutrinos via π ± → e ± + ν e (ν e ) +ν µ + ν µ after ejecta gets thin. After taking into account that the pion carries about 20% of the proton's energy in a pp interaction, and that each of the neutrino inherits a quarter of the charged pions energy, a characteristic energy of the neutrino products is E ν ≈ 0.05 E p . Taking along the suppression factor, the neutrino flux produced by hadronuclear interactions in the ejecta can be calculated as E
The flux should reach a peak before ejecta getting thin at τ thin , but after the suppression from πp interaction turning relatively weak when t πp = γ π τ π . Assuming E π,max = 0.2 E CR,max , the latter condition is equivalent to
Below we estimate the peak time and the peak energy with two representative cases: I) a fast-spinning magnetar with P i = 1 P −3 ms and B = 10 15 B 15 G. We will call this case magnetar; II) a crab-like pulsar with B = 10 13 B 13 G and P i = 20 P −1.7 ms. We denote this case as crab. In the magnetar case, t peak τ EM = 3 × 10 3 s, equation 2.9 raises
In contrast, in the crab case t peak τ EM = 1.2 × 10 10 s instead, and
Numerical Setup
The interactions between high-energy nuclei and ejecta baryons were simulated by Monte Carlo as we did in [7] . In particular, the Np and pp interactions were calculated based on the hadronic interaction model EPOS [19] and the fragmentation model as implemented in the air shower simulation code CONEX [20] . For this work, in order to take into account the suppression in neutrino production, we further adapted the code with pion-proton interactions calculated using EPOS.
In Figure 1 we show a histogram of neutrino and electron products of πp interaction between a 1 EeV π + and a rest proton in the lab frame. The flux ratio between electron, electron neutrino and muon neutrino before mixing is consistent with Φ e : Φ νe : Φ νµ = 1 : 1 : 2 as expected from the decay of charged pions. Note that this result is obtained by allowing all intermediate pions and muons to fully decay to leptons. This might not be true in an intense interaction environment. As Equation 2.7 shows, a suppression would happen as pions are tend to interact rather than decay when the ejecta is still dense. Remember that the elasticity of πp interaction at EeVs is about 0.5 [12] , so roughly half of the pion's energy is passed to additional interactions that produce extra lower energy neutrinos.
In the simulations, we modeled pulsars with selected initial rotation speed Ω i and magnetic moment µ. To calculate time-integrated neutrino spectrum, we injected cosmic rays following a power-law spectrum as in Equation 2.5, with minimum energy E min = 10 12 eV and maximum energy calculated by Equation 2.3. To calculate time-dependent neutrino emission at chosen time t, we injected cosmic rays with single energy decided by Equation 2.2 and flux normalized with Equation 2.4. The injected cosmic rays were then propagated through a supernova envelope of total ejected mass 10 M expanding at v ej = (2 E ej /M ej ) 1/2 . The ejecta energy includes the pulsar's rotational energy and the supernova explosion energy, E ej = IΩ 2 i /2 + E exp . Each time when a pion was produced, the suppression factor in Equation 2.7 was calculated to decide if it would decay or interact, by comparing with a random number drawn from a uniform distribution between 0 and 1. All the products from primary and higher order interactions, which we will call secondary particles in general, were tracked Figure 1 . Decay products of ν e , ν µ and e from a πp interaction, allowing all pions to decay without further interactions. The injected pion had energy of 1 EeV and the proton was assumed to be at rest in lab frame. The histogram is an average of 100 realizations using the hadronic interaction model EPOS [19] . down to E min . As we will see in Section 4, these secondary particles play a key role in neutrino production. The input parameters used for the magnetar and crab cases are summarized in Table 1 , and that for the existing nearby pulsars are listed in Table 2 .
Time-integrated Neutrino Spectrum
The spin-down time of a pulsar ranges from minutes to thousands of years depending on the star's initial properties. The duration of neutrino emissions could last for the entire spin-down time in principle, but the majority of the neutrinos are produced before the environment gets too thin for interactions. In this section we assume that the observation could last for tens of years to study the neutrino spectrum accumulated over time. We divide the detection period into logarithmic time bins then study the evolution of the spectrum within each interval. The top panel in Fig 2 shows the expected neutrino spectrum from a newborn pulsar located at 20 Mpc with Ω i = 10 4 s −1 and µ = 10 33 erg G −1 (corresponding to P i = 0.6 ms and B = 2 × 10 15 G). This is a highly magnetized and extremely fast-rotating neutron star that has a rare birth rate. However, its short spin-down time τ EM = 300 s makes it a good representative of pulsars that release energy quickly and force cosmic rays to undergo severe interaction processes. We divide the observation time from 10 4 s to 10 6 s into 5 logarithmic bins, indicated by corresponding colors as in the legend. In the first two bins centered at 10 4 s and 10 4.5 s, the ejecta were very dense with τ πp 1, so the neutrino production was heavily suppressed, as pion products continue to suffer higher order πp interactions. The suppression continues till t πp ≈ γ π τ π , corresponding to a peak at E ν,sup (t) = 1.6 × 10 13 t 3 4 β 3
ej,1 eV. Later at 10 5 s and 10 5.5 s, cosmic rays are accelerated to lower energy, so neutrinos peaked at min(E ν (t), E ν,sup (t)). When coming to the last bin centered at 10 6 s ∼ τ thin , the flux suffers from both decrease factors where the flux was truncated by f π < 1 and E ν drops as a result of the spin-down. Unlike the injection spectrum of E −1 , the overall neutrino spectrum follows ∼ E −2 , because in such a fastspinning magnetar, most cosmic rays were injected when the environment was still opaque, τ EM τ thin . Thus, the spectrum was heavily boosted by secondary products. Intuitively, if a pion that could have decayed into one primary neutrino with E ν,prim eventually fully interacted to ∼ E ν,prim /E ν,sec secondary neutrinos, each with energy E ν,sec , the secondary flux would satisfy (
ν,sec . Note that our result is quite different from Fig. 1 of [12] below ∼ 10 PeV, as the neutrino spectrum significantly changes when the secondary Np and πp interactions are taken into account.
In the bottom panel of Fig. 2 , we show the neutrino spectrum from a Crab-like pulsar with B = 10 13 G and P i = 20 ms at 500 kpc. In this Crab case τ EM = 6 × 10 10 s τ thin , neutrinos are produced by a very small fraction of cosmic rays that were accelerated before the ejecta became optically thin. We thus adjusted the observation time to 10 6 − 10 8 s. For t τ EM , E CR ≈ 7 × 10 15 and the production rate of particlesṄ GJ is a constant. Thus, the neutrino emission in each time bin behaves similarly but with flux scaled to the size of the time window (as shown in the first three bins of Fig. 2 bottom) . When time increases to t > τ thin (the last two bins of Fig. 2 bottom) , this feature dominates over the decreasing f π . Compared to the previous case, pions and nuclei engaged in fewer interactions. With less boost from secondaries, the overall neutrino spectrum roughly follows E −1.5 .
Notice that the spectrum and flux of neutrinos of hadronic origin mildly depend on the injection composition. In Figure 3 , we present the neutrino emission from our magnetar case (P i = 1 ms, B = 10 15 G), with an injection composed of pure proton in the top panel and an injection composed of pure iron (Fe) nuclei in the bottom panel. One can tell that these two cases resulted in similar emission levels and spectrum shapes. Indeed, in a hardonuclear interaction with the center of momentum energy as high as ∼TeV or above, an Fe nucleus with energy E Fe = 56 E P is roughly equivalent to 56 protons each with energy 56/56 E P when producing pions. On the other hand, asṄ GJ ∝ 1/Z, the injected numbers of Fe nuclei would be 26 times less than that of the protons. As a consequence, a pure P injection would result in ∼ A/Z ∼ 2 times of neutrino flux, but ∼ A/A = 1 times of E ν,max , compared to an injection of nucleus with a mass number A and charge Z. More specifically, although injected at a similar time t acc ∝ E max /E ∝ A/A, the interaction time for Fe nuclei is longer than that for protons, t int ∝ A 1/3 ≈ 4 (see Section 2 for more details), that is, neutrinos from Fe-p interactions come out about 4 times later than that from pp interactions. This is why in Figure 3 the bottom panel is a bit delayed compared to the top panel.
Time-Dependent Neutrino Emissions
If a nearby newborn pulsar can be resolved, its prompt neutrino emission would present a profile evolving with time. We study this emission profile in Section 5.1, and apply the scenario to young pulsars from recent supernova bursts in the local universe in Section 5.2. Then in Section 5.3 we calculate the birth rate of pulsars that would be detectable by the IceCube Observatory.
Flux level and Detectability
Recall that at time t after a pulsar birth at distance D, neutrinos would emit at an intensity of Assume that we are looking at the source at the age of t ob = 1 year, below we estimate this intensity again in the two cases of magnetar and crab. In the magnetar case, t ob τ EM , the typical neutrino energy reads E ν = 3.1 × 10 15 B In contrast, with t ob τ EM , a crab-like pulsar has E ν (t obs ) ≈ E ν (0) = 7.6 × 10 14 eV. The flux can be calculated as In the crab case, the pulsar would take a long time to spin down, therefore at a few years the neutrino flux only experiences the dilution of ejecta that decreases with t −2 ; while in magnetar case the neutrino flux would be further impacted by the pulsar spin-down, and decreases with a faster rate of t . Expected neutrino spectra of four nearby young pulsars at their current ages, compared to the 5σ differential discovery sensitivities of the IceCube Observatory [10] . As indicated in the legends, the pulsars include Crab pulsar, J0205, J1846 and B1509, with their properties summarized in Table 2 . Note that the flux of MSH15-52 and Kes 75 was enlarged by 100 and 10 times accordingly to not overlap with other lines. Also plotted are the predicted emission from a fast-spinning magnetar and a Crab-like pulsar located at 2 kpc at the age of 1 year. Their input parameters are listed in Table 1 .
To demonstrate the flux evolution over time, we present in Figure 5 the neutrino flux level at 5 minute, 1 day, 1 month, 1, 10 and 300 years after the birth of a pulsar, with P i , B scanning over the parameter space (1 ms ≤ P i ≤ 200 ms) × (10 12 G ≤ B ≤ 10 16 G). We fixed the source distance at D = 2 kpc. The red line in each plot represents IceCube's median sensitivity at 90% C.L., ∼ 10 −12 TeV −1 cm −2 s −1 for energies between TeV -PeV in the northern sky [10] . At the very beginning, suppression from πp interaction in the early environment is too fatal to allow the production of neutrinos. This suppression still distorts the flux at a few days and finally becomes less important after around 1 month (see thick with f π = 1, the flux depended only on the neutrino energy, scaling as E 2 ν ∝ µP
i . When t ≥ 1 yr the effect of the decrease of f π added in. Recall that for pulsars with high angular velocity that satisfies 1/2 I Ω 2 i 10 51 erg, ejecta expands with speed β ∝ Ω i . Thus in the bottom half of the t = 1 yr plot,
This shape maintained to t = 10 yr. Finally at t = 300 yr, the interaction probability decreased to f π ∼ 10 −6 . In addition, due to the spin down the majority of pulsars failed to produce neutrinos above 1 TeV, to reach the optimized observation window of the IceCube Observatory [21] .
Existing nearby pulsars
Four nearby young pulsar wind nebula and supernova remnants in which central pulsars have been identified are listed in Table 2 . This list includes all the objects within 5 kpc and with estimated initial spin period less than 50 ms in Table 1 of [22] except for Kes 75. Kes 75 is shown because of its large magnetic field. These objects are known to actively interacting with ejecta [16, 22] .
In Figure 4 we show the expected neutrino emission from these pulsars at their current ages. Among the list, neutrino flux from Crab pulsar has the highest flux, due to its young age and close distance. 3C58 has the lowest emission, as a result of the old age and the relatively slow spinning speed. For comparison, we also show the 5σ differential discovery potentials of IceCube at declination 0 • , −30 • and +30 • [10] . The expected neutrino emissions from nearby young pulsars are far below the discovery sensitivities, consistent with the non-detection of point sources [10] .
Birth rate of detectable pulsars
The local core-collapse supernova has a formation rate of ρ 0 = 10 −4 Mpc −3 yr −1 [23] . According to [24] , the initial spin periods and magnetic fields of newborn isolated neutron stars displace a distribution f (P i , B), with P i normally distributed, centered at 300 ms with standard derivation 150 ms; B log-normally distributed with log B = 12.65 and σ log B = 0.55. Notice that a lower limit of initial spin period, P i,min ∼ 1ms is required for a stable configuration of a neutron star [25] .
Compared to crab-like pulsars, fast-spinning magnetars are rare, but they are brighter in neutrino emission and therefore observable from a larger distance. Taking the median IceCube sensitivity (E 2 ν Φ ν ) IC = 10 −11 TeV −1 cm −2 s −1 for energies above 100 TeV and (E 2 ν Φ ν ) IC = 10 −12 TeV −1 cm −2 s −1 for energies between 1 TeV -1 PeV [10] , and assuming that a pulsar could be observed at the peak time t peak as defined in equation 2.9, the maximum distance of a detectable pulsar reads and in the crab case,
Counting the formation rate of each pulsar in its own maximum volume, and summing the population over the (P, B) probability space, we obtain an upper limit on the birth rate of pulsars that would be detectable by IceCube:
Note that we only count the pulsars that could contribute to the IceCube sensitivity window by setting E ν,min = 1 TeV. Adopt the f (P i , B) distribution described above, we find < 0.14 yr
Notice that this is an optimized upper limit given the following facts: I) we assumed a 100% acceleration efficiency, that is, all the electromagnetic energy of the pulsar was presumed to be have been converted into kinetic energy. If we rather take η = 0.5 as suggested by [16] , decreases to 5.7 × 10 −2 yr −1 , roughly 1 every 17 years; II) although t peak depends on P i and B of the star and varies from months to tens of years, pulsars were always assumed be detectable at their brightest point; III) [26] found a normalization factor f s ≈ 5% if using UHECR measurements to confine the pulsar population, which means ∼ 5% of the pulsar population is required to have the right configuration to successfully inject and accelerate ions. If taking this confinement, the upper limit would further drop to 7 × 10 −3 yr −1 .
Conclusions and Discussion
In this work we have investigated high energy neutrino emissions from individual newborn pulsars in the Local Universe. Through both theoretical and numerical methods, we examined the hadronuclear interactions between cosmic rays and the source ambience left over from the supernova explosion and reported on the detectability and emission profiles of the high-energy neutrino products. We found that I) unlike the E −1 spectrum of the injection cosmic rays, the energy spectrum of the neutrinos has a softer shape, following ∼ E −2 for a fast-spinning magnetar, and ∼ E −1.5 for a Crab-like pulsar. The modifications to the spectrum mainly originate from the high-order interactions of secondary ions and charged pion products in the early environment; II) The flux level and shape of time-integrated neutrino spectrum are not significantly sensitive to the chemical composition of the injected cosmic rays; III) Applying the scenario to known nearby pulsars found their neutrino detectability to be below the sensitivities of the current generation of detectors and consistent with the negative results of point source searches; IV) The birth rate of pulsars with neutrino emissions detectable by the IceCube Observatory is constrained with an upper limit of 0.14 per year.
One caveat of our work is that we did not take into account the radiation fields of the pulsar. A relativistic Fermi process is known to occur in the termination shock of the pulsar wind nebula [27, 28] . Nonthermal radiations from electron and positions accelerated in the termination shocks are expected to lead to photodisintegration of the cosmic rays, in addition to the hadronuclear channel discussed in this work. Figure 4 of [13] compared the neutrino emission from pγ and pp interactions to show that for a population of pulsars with identical parameters, the neutrino production from pγ interactions is 2-3 orders less than that from pp interactions, suggesting that the pγ channel is sub-dominant to the pp channel in neutrino productions. Moreover, in extremely radiative magnetars, a fraction of the outflow energy may dissipate as thermal radiation via the shocks [29] [30] [31] [32] . The photomeson production rate with these thermal photons is τ pγ,th = 12 E , where η γ ∼ 0.1 is the fraction of total pulsar energy that goes into thermal photons [12] . Notice that τ pγ,th decreases slower than τ Np with τ pγ,th ∝ t −5/4 , so the thermal photons could produce neutrinos comparable to those with hadronic origins after about a year. However, thermal photons are not as important in less radiative pulsars like Crab.
When considering the cosmic ray interaction with the ejecta, we ignored the delay of cosmic rays in the magnetic field of pulsar wind nebula. The larmor radius of particles reads r L ≈ 10 11 (E/1 PeV) Z −1 (B pwn /30 G) −1 cm, in a nebula with field strength B pwn ∼ 37 P −5/2 −3 B 3 13 (t/τ EM ) −7/4 G [13] . At small t, the size of the supernova ejecta is not significantly greater than r L , then particles escape recti-linearly with negligible time delay. As time increases R ej r L , particles diffuse in the structure and exit with a deflection of order unity, δθ ≈ (1 + 2 r 2 L /Rλ) −1 ∼ 1, and a time delay comparable to the crossing time, δt = Rδθ 2 /6c ∼ R/c [33] . This adds to the pion production rate f π a factor of ∼ 2. However, this little increase in f π would be dominated by the fast decrease of the number density of target baryons in the ejecta. Therefore the effect from the magnetic field of the pulsar wind nebula is considerably small.
One aim of the present work is to provide an observational template for neutrino emissions from future pulsar sources in the local universe. Compared to other transient sources like Gamma-ray Bursts, fast-rotating pulsars display unique features in high-energy neutrino emissions, including time-variable spectrum shapes, insensitivity to the chemical composition of injected parent particles, and an ∼ E −1.5 spectrum index for the majority of the population. Such neutrinos might be detected by current and future generations of high-energy neutrino observatories like IceCube [10] , KM3NeT [34] , and by future ultrahigh energy neutrino detectors like JEM-EUSO [35] , Askaryan Radio Array (ARA) [36] , and the Antarctic Ross Ice-Shelf ANtenna Neutrino Array (ARIANNA) [37] , thereby providing a unique way for understanding particle acceleration in a newborn pulsar.
